Abstract: The aim of this study was to calculate the effective diffusion coefficient based on experimentally recorded drying curves for two masonry clays obtained from different localities. The calculation method and two computer programs based on the mathematical calculation of the Second Fick Law and the Cranck Diffusion Equation were developed. Masonry product shrinkage during drying was taken into consideration for the first time and the appropriate correction was entered into the calculation. The results presented in this paper show that the values of the effective diffusion coefficient determined by the designed computer programs (with and without the correction for shrinkage) have similar values to those available in the literature for the same coefficient for different clays. Based on the mathematically determined prognostic value of the effective diffusion coefficient, it was concluded that, whatever the initial mineralogical composition of the clay, there is 90 % agreement of the calculated prognostic drying curves with the experimentally recorded ones. When a shrinkage correction of the masonry products is introduced into the calculation step, this agreement is even better.
INTRODUCTION
The studying of a drying process, due to its complexity, still attracts the attention of researchers around the world even today. The explanation of the drying process is reduced to the establishment of a series of theoretical and empirical drying models that show agreement, to a greater or lesser extent, with the experimental data. Complex processes of simultaneous mass and energy transfer, which are often non-stationary and the distinct nature of the properties of the material (hygroscope, capillarity, pores size distribution, shrinkage effect, etc.) complicate even more the description of the drying process. For these reasons, a unique theo-524 VASIĆ, RADOJEVIĆ and GRBAVČIĆ retical setting of drying, which would universally describe this process for different types of clay materials has not yet been developed.
The diffusion process viewed as the transport of matter due to the random motion of molecules is characteristic for a drying process. The transfer of moisture within the solid body at a certain temperature is realized due to the different moisture content in the interior and on the surface of a solid body. The mass transfer rate by diffusion is therefore proportional to the concentration gradient of the moisture content, with the diffusion coefficient being the proportionality factor. Knowing the diffusion coefficient is essential for a credible description of the mass transfer process, described by the Fick's Equation. The analytical solution of the general Fick's Law was described by Cranck in 1975 . 1 Several different ways of solving the Fick's Equation were presented by Cranck: i) For the case when the diffusion coefficient is constant and the solid body isotropic;
ii) For the case when the diffusion coefficient is not constant, together with special cases of non-Fickian diffusion and iii) For the case of diffusion in which a chemical reaction exists as well as the simultaneous diffusion of heat and moisture.
The drying process, in addition to pure diffusion, is characterized by the existence of other, secondary types of internal mass transfer, such as surface diffusion, Knudsen diffusion, capillary flow, evaporation and condensation, thermo-diffusion, etc., which in small amounts influence the overall process of mass transfer. 2 Normally, a correction for secondary types of mass transfer is introduced into the calculation by replacing the pure diffusion coefficient with an effective diffusion coefficient.
In numerous papers, the results of drying kinetics obtained from different models for different materials, which include or neglect shrinkage of the material, are compared with the experimentally determined parameters of the drying kinetics. [3] [4] [5] [6] During the drying of certain materials such as: various agricultural products, various constructional products from wood, cement, hydraulic binders or clay, the shrinkage effect that occurs cannot be neglected, neither in practice nor in the mathematical models that are used to describe the drying process.
In most models that describe the drying process, shrinkage does not exist in the equations because the mathematical models that would include the shrinkage effect during drying are extremely complicated; hence, in the mathematical modeling process, it is the practice to assume that shrinkage does not exist or is negligible. Such models are usually applied on materials that exhibit a shrinkage effect and shrinkage deviations are usually corrected for by the introduction of correction factors.
A small number of papers that describe the drying process of ceramic materials and especially clay are available in the literature. Some data can be found 13 (heavy clay tiles) and others.
The behaviors during the drying process of two different clays with different mineralogical compositions were considered in the present study. An appropriate shrinkage correction, caused by thickness shrinkage during drying, was introduced into the mathematical models for the calculation of the effective diffusion coefficient.
EXPERIMENTAL

Sample preparation
Two raw masonry clays from the localities Banatski Karlovac and Ćirilkovac were analyzed. After an initial characterization of these materials, which included chemical, mineralogical, X-ray diffraction (XRD) analysis, thermogravimetric analysis (TGA) and granulometric examination, the raw materials were subjected to further classical preparation. The raw material samples were first dried at 60 °C and then milled down in a laboratory perforated rolls mill. After that, the clays were moisturized and milled in a laboratory differential mill, first at a gap of 3 mm and then of 1 mm. Laboratory samples of size 120 mm×50 mm×14 mm were formed in a laboratory extruder "Hendle" type 4, under a vacuum of 0.8 bar. These samples were used in the further experimental work.
Drying experimental conditions
The behavior of the clay samples during drying was investigated by monitoring and recording the changes in weight and linear shrinkage of the test samples during drying in a laboratory dryer, especially created for this purpose, the schematic view of which is shown in Scheme 1. Data acquisition, continuous time monitoring and recording of the temperature and relative humidity of the drying medium and the linear shrinkage of the drying samples were realized automatically using PLC controllers and a standard Pentium IV computer.
Drying kinetic curves were recorded for the drying of the prepared heavy clay tiles (samples) in a laboratory recirculation dryer under the experimental conditions presented in Table I . 
Theoretical principles
In order to determine the moisture diffusion in porous systems, it is necessary to use data analysis obtained from: drying, sorption kinetics and permeability measurements. An estimation of the diffusion coefficient can be obtained from drying curve by the slope method, 14, 15 or by comparing experimentally determined drying curves with curves obtained from the Fick Equations predicted analytically 2, 3, 16 or numerically. 6, 17 The drying curve of typical masonry clay consists of a first phase of drying, the constant velocity phase, and a phase of decreasing drying rate. In drying studies performed on different materials, diffusion is generally accepted as the main mechanism of moisture transport from the material interior to its surface. The restriction to one-dimensional diffusion gives a good approximation in many practical systems. Analytical solution of the Fick Equation are given for various geometrical shapes, assuming that the transport of moisture occurs by diffusion, that sample shrinkage is neglected and that diffusion coefficient and temperature have constant values. For the case of "thin plate" geometry, a solution was given by Cranck, 1 that is represented by the expression:
__________________________________________________________________________________________________________________________________ 
If the value of ε is defined as the relative error of neglecting terms higher than N in Eq. (2), the value of N can be determined and Eq. (2) is transformed from an infinite sum into a finite sum of N terms given by Eq. (3):
The value of ε = 0.05 was accepted for the further calculations in this paper. When t = 0, MR = 1 and Eq. (2) is transformed into Eq, (4). The value of N used in Eq. (3) can be determined from Eq. (4): ( )
MR an represents the analytically determined value calculated from Eq. (3). It is necessary to introduce the concept of a numerical counter i, which can have only integer values. The numerical counter i is defined for each value of the experimental pairs (MR exp , t). It starts from the value zero and increases by one until it reaches a final value, which is related to the last experimental pairs (MR exp , t). This concept enables the number of experimental pairs (MR exp , t) from its first to its last value to be counted. In order to work properly, the program requires the initial value of the effective diffusion coefficient D eff , and the ε value to be entered. 
In the first cycle, MR an,1 is calculated according to Eq. (3) using the previously determined value of N and the initial value of D eff . In the next cycle, the value of D eff is doubled giving a new value for MR an,i that is now used to calculate a new χ 2 according to Eq. (5). The program then compares the value of χ 2 obtained in the first cycle and the newly obtained χ 2 value. If the statement χ 2 first < χ 2 second is satisfied, the program will continue the previously described cycle, otherwise the program will temporarily stop. Note: χ 2 first and χ 2 second refer to the last and the penultimate value of the cycle in which χ 2 is determined.
The last three values for D eff and χ 2 are then recorded. The recorded D eff interval is then divided into 100 parts. A hundredth part of this interval is defined as a step, s. The program commences the cycle again using the initial value for D eff as D eff,third from end + s. The cycle is repeated until the statement χ 2 first < χ 2 second < 1.0×10 -10 is satisfied. In other words, the cycle is interrupted when the difference χ 2 second -χ 2 first reaches 1.0×10 -10 . The final D eff value is then recorded. This value represents the finally calculated effective diffusion coefficient in m 2 s -1 .
For long drying times, Eq. (1) can be transferred into Eq. (6):
In a previous study, 21 the effective diffusion coefficient was determined by the slope method from Eq. (7):
The case when there is shrinkage For materials that show shrinkage during drying, Eq. (3) needs to be changed by the introduction of the expression l (t) into it. This expression represents the experimentally determined time dependence of the sample thickness. When this correction is entered, the previously described method for the determination of the effective diffusion coefficient can be used.
Two programs were designed to compute the effective diffusion coefficient. The first program did not include the shrinkage effect during drying into the computation algorithm while the second one did. Both programs were written in the Borland C program language on a standard Pentium IV computer (AMD 1200 MHz, 80GB HDD, 256 MB RAM memory) based of the previously described algorithm.
RESULTS AND DISCUSSION
Two models for predicting the drying behavior (MR an -t dependence) were obtained from these two programs. The first model did not include shrinkage (Model 1), while the second one (Model 2) did. Graphical views of the experimental and predicted drying behavior are presented in Figs. 1-3 . The D eff values obtained using the described programs and from the slope of Eq. (7) are presented in Table II .
From Table II , it can be clearly seen that in all experiments, the value of effective diffusion coefficient, 1-8 (clay "Banatski Karlovac"), it can be seen that by increasing the velocity of the drying air from 1 to 3 m s -1 , the value of the effective diffusion coefficient also increased by up to 38 %. The drying experiments from this and a previous study 21 can be compared, because in both studies, the experimental conditions and the clay material (clay "Ćirilkovac") were the same.
A kinetic diagram analysis showed that the kinetic curves representing the model that neglects the shrinkage effect (Model 1) do not completely follow the configuration of the experimentally determined kinetic curves. Deviations of this model from the experimental drying curves are higher at the beginning of the drying process and after some time the deviations disappear. The moment of the disappearance matches the moment at which the sample continues to dry but without shrinkage. Drying kinetic curves of the model that includes shrinkage (Model 2) follow the configuration of the experimentally determined curves and their matching can be more than 95 %, as could be seen in experiments 2, 4 and 9-11. If minor deviations do exist, they are at the beginning of the drying process __________________________________________________________________________________________________________________________________ 530 VASIĆ, RADOJEVIĆ and GRBAVČIĆ and are most probably caused by the time interval which has to pass before stationary experimental conditions are fulfilled and the products are heated up to the required temperature in the dryer. The intersection point of the experimental drying curves and modeled drying curves is characterized as the critical point. The critical point is a characteristic kinetic parameter, which is important because it determines the moment after which the products no longer shrink. From Table II , it could be concluded that value of the effective diffusion coefficient, D eff determined using the model that included the sample shrinkage correction was lower than the corresponding value determined using the model that neglected sample shrinkage or the slope model. The data for D eff determined by the slope model were higher than the data determined by the other two models. This is an expected result that is in agreement with the D eff determination. This is additional proof that the model that included the shrinkage effect during drying gives more precise D eff values. Only a few scientific papers 8, 11 in which the effective diffusion coefficients for masonry clay products were determined are available in the literature. In these papers, the Table II lie below the previously mentioned range. 
CONCLUSIONS
A new method and computer program for the determination of diffusion coefficients, which is based on the mathematical calculation of the Fick and Cranck Diffusion Equations, were developed. Two programs were designed to compute the effective diffusion coefficient. The first program (Model 1) did not include the shrinkage effect during drying in the computation algorithm, while the second one (Model 2) did. This was the first time in the mathematical modeling of the drying of masonry clay that a shrinkage correction was entered into the calculation step.
Kinetic diagram analysis showed that, irrespective of the nature the initial mineralogical composition of the clay, the kinetic curves representing the model that neglected the shrinkage effect (Model 1) did not fully follow the configuration of the experimentally determined kinetic curves, while in the case of the model that included shrinkage (Model 2), the resulting curves follows the experimental ones. From Figs. 1-3 , it can be seen that the introduction of the shrinkage correction into Eq. (2) was entirely justified. The determined values of the effective diffusion coefficient were lower than the value that could be found in the literature. The values of the effective diffusion coefficient determined using the model that includes shrinkage were lower than the values determined using the model which neglected shrinkage or the values obtained using the slope method. The intersection point of the experimental drying curves and the modeled drying curves is characterized as the critical point.
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